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E-mail address: beihuang@163.com (B. Huang).Here we report a regulatory mechanism by which LKB1 is controlled by 14-3-3 proteins through
phorsphorylation of Thr336. The results from the current study indicate that 14-3-3 f inhibits
LKB1 from phosphorylating its substrate, AMPK (AMP-dependent protein kinase) and attenuates
LKB1-mediated G1 cell cycle arrest and apoptosis by interfering with the interaction between
LKB1 and its substrates. This regulation does not change either the LKB1 catalytic activity or subcel-
lular localization of LKB1. Moreover, we demonstrate that serum starvation enhances LKB1 activity
and increases the phosphorylation of Thr336. Taken together, our results suggest that autophospho-
rylation of Thr336 acts as an activating signal for LKB1 to recruit 14-3-3, which in turn attenuates
the activation of LKB1 to keep the activity of LKB1 in check.
Structured summary of protein interactions:
LKB1 binds to 14-3-3 eta by pull down (View interaction)
LKB1 physically interacts with 14-3-3 zeta and AMPKalpha1 by pull down (View interaction)
LKB1 physically interacts with 14-3-3 zeta by pull down (View Interaction: 1, 2, 3)
LKB1 binds to 14-3-3 zeta by pull down (View interaction)
LKB1 binds to 14-3-3 tau by pull down (View interaction)
LKB1 binds to 14-3-3 gamma by pull down (View interaction)
LKB1 and 14-3-3 zeta colocalize by ﬂuorescence microscopy (View interaction).
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
LKB1 (STK11) is a serine/threonine kinase that was ﬁrst identi-
ﬁed in the researches on Peutz–Jeghers syndrome (PJS) patients
[1,2]. It is a famous tumor suppressor which can induce cell apop-
tosis and inhibit cell proliferation by regulating the activity of p53
and G1 cyclin-dependent kinase (CDK)–cyclin complexes [3–6].
Recent years, LKB1 has been further investigated as a major up-
stream kinase of AMP-dependent protein kinase (AMPK). It directly
phosphorylates AMPK within the kinase domain at Thr172 to acti-
vate AMPK [7,8] and the LKB1–AMPK pathway have been revealed
to regulate the activities of some well-established tumor develop-
ment related proteins such as mammalian target of rapamycin
complex 1 (mTORC1), ribosomal S6 kinase (p70S6K1) and the
CDK inhibitor protein p27 to suppress cell growth, cell prolifera-
tion and tumorigenesis [9–13].chemical Societies. Published by EWhile LKB1has been extensively studied, themechanismswhich
regulate the function of this enzyme remain to be further investi-
gated. Previous research mainly focused on two aspects: (1) The
subcellular localization of LKB1. Although LKB1 is mainly localized
in the nucleus, it is the small fraction of LKB1 in cytoplasm that plays
a important role in mediating G1 cell cycle arrest [14–16]; (2)
STRAD, an accessory protein of LKB1, signiﬁcantly activates the cat-
alytic activity of LKB1 [17]. In addition, changes in the phosphoryla-
tion residues located in the C-terminal region of LKB1may play a
certain role in mediating LKB1signaling [18–20]. Thr336 is a poten-
tial regulatory phosphorylation site, whichwas identiﬁed as amajor
autophosphorylation site onLKB1 [21]. It hasbeenpreviously shown
that the mutation of Thr336 to Glu (mimic phosphorylation) pre-
vented LKB1 from inhibiting G361 cell growth without affecting
LKB1 catalytic activity. This implies that there may be some regula-
tory proteins involved in the negative regulation of LKB1 function
initiated by the phosphorylation of Thr336. We speculated that
14-3-3 protein family is the most potential candidate.
The 14-3-3 family proteins, including seven isoforms (b, e, g, c,
s, f, and r) in mammals, can bind to target proteins depending onlsevier B.V. All rights reserved.
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binding motifs, RSXpSXP (mode I), RXXXpSXP (mode II) of the
target protein (pS represents phosphoserine) [22,23]. Members of
the 14-3-3 family have been found to associate with a number of
important protein targets [22]. The function of 14-3-3 proteins
can be generally classiﬁed into 3 main types: (1) change the con-
formation of its binding partner; (2) physically occlude sequence
speciﬁc or structural features of its binding partner; (3) act as a
scaffold to anchor proteins to one another [24].
In the current study, we demonstrate that 14-3-3 interacts with
LKB1 by binding to phosphorylated Thr336. Through this interac-
tion, 14-3-3 inhibits the binding of LKB1 to its substrates, such as
AMPK, to suppress the kinase function of LKB1. At the cellular level,
the effect of 14-3-3 on LKB1 alleviates the G1 cell cycle arrest and
apoptosis of Hela cells induced by LKB1.
2. Materials and methods
2.1. Plasmids
pDEST17-14-3-3 isoforms (b, e, g, c, s, f, r, and f K49E),
pDEST26-14-3-3 f, pDEST26-14-3-3 f K49E and pDEST27-LKB1
plasmids were prepared as previously described [25] (details
shown in Supplementary data).
2.2. Cell culture, transfection and lysis
Details are shown in Supplementary data.
2.3. Protein expression and puriﬁcation
Details are shown in Supplementary data.
2.4. Antibodies
Details are shown in Supplementary data.Fig. 1. Interaction of LKB1 with members of the 14-3-3 family (a) COS7 cell lysate was su
(IgG). Immunoprecipitated proteins and 10% input were analyzed by western blot using L
His-14-3-3 isoform (b, e, g, c, s, f, and r) was incubated with GST or GST–LKB1 puriﬁed f
complexes were analyzed by western blot using His and GST antibodies. (c) GST–LKB1 w
600 mM) washing buffer respectively. The protein complexes were analyzed with STRADa
with an equal quantity of His-14-3-3 f respectively. After GST pull down, the protein co2.5. Immunoprecipitation and immunoblotting
Details are shown in Supplementary data.
2.6. LKB1 kinase assay
Details are shown in Supplementary data.
2.7. Flow cytometry
Details are shown in Supplementary data.
2.8. Subcellular localization of LKB1 and 14-3-3 in Hela cells
Details are shown in Supplementary data.3. Results
3.1. LKB1 interacts with 14-3-3 family members
To examine whether endogenous LKB1 interacts with members
of the 14-3-3 family, co-immunoprecipitation experiments were
performed .Our result indicates that 14-3-3 is co-precipitated with
an anti-LKB1 antibody, but not control IgG (Fig. 1a). The result of
the GST pull down assay shows that four 14-3-3 isoforms, g, c, s
and f can interact with recombinant GST–LKB1 protein (Fig. 1b),
and they do not bind to control GST.
LKB1 plays its function in a manner of complex with STRAD and
MO25. STRAD and MO25 both have two isoforms-STRAD a/b and
MO25 a/b [26]. In order to make clear whether the GST–LKB1 puri-
ﬁed from COS7 cells is associated with STRAD and MO25 and
whether the STRAD and MO25 affect the interaction between
LKB1 and 14-3-3, we puriﬁed GST–LKB1 from COS7 respectively
using regular salt (150 mM) and high salt (600 mM) washing bufferbjected to co-immunoprecipitation (IP) with anti-LKB1 antibody or control antibody
KB1 and pan 14-3-3 antibodies. (b) An equal quantity of each bacterially-expressed
rom COS7 cells using GST-afﬁnity chromatography. After GST pull down, the protein
ere puriﬁed from COS7 cells using regular salt (NaCl 150 mM) and high salt (NaCl
, MO25a and GST antibodies. These two kinds of puriﬁed GST–LKB1 were incubated
mplexes were analyzed with STRADa, MO25a, His and GST antibodies.
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result shows that GST–LKB1 fromCOS7mainly interactswith STRA-
Da and MO25a which can be pulled down with GST–LKB1 at the
regular salt concentration rather than high salt concentration, how-
ever STRADa and MO25a do not affect the interaction between
LKB1 and 14-3-3 f (Fig. S1a and Fig. 1c). Also 14-3-3 f can not inﬂu-
ence the association of LKB1 with STRADa and MO25a (Fig. 1c). Ta-
ken together, these results indicate that the four isoforms bind to
LKB1 and that the interactions are likely through direct association.
3.2. Phosphorylation of LKB1 on Thr336 Is Required for 14-3-3 Binding
After analyzing the sequence of LKB1 for consensus motifs for
14-3-3 binding, we found that residues 333-RSMTVVP-339, whichFig. 2. Phosphorylation of LKB1 on Thr 336 is required for 14-3-3 binding (a) Schemati
putative 14-3-3 binding site on LKB1 and mode 1 14-3-3 binding consensus motif. Th
quantity of each bacterially-expressed His-14-3-3 isoform (g, c, s, and f) was incubated
isolation of GST fusion proteins by GST afﬁnity chromatography. Protein complexes wer
transfected with GST, GST–LKB1 WT or GST–LKB1 T336A into COS7 cells. Protein complex
GST and His antibodies. 10% of the COS7 cell lysate was used as input and immunoblott
with the 5 ng/ll phosphorylated peptide (RWRSMpTVVPY) or an equivalent unphosphory
f (20 ng/ll). After washing, protein complexes were detected by western blot using GST a
GST–LKB1 WT into COS7 cells. Protein complexes were isolated by GST afﬁnity chromato
cell lysate was used as input and subjected to immunoblot analysis with His antibody.includes Thr336 as the critical phospho-Thr, is the region that con-
tains a potential 14-3-3 mode I binding motif (RSXSXP). However,
this region includes pThr336 instead of pSer and an insertion of V
between the position +1 and +2 relative to the pThr336 residue (X
and P) (Fig. 2a). To investigate whether Thr336 is required for
14-3-3 binding, we generated an expression vector encoding GST
tagged LKB1 in which this residue was mutated to Ala
(GST–LKB1 T336A) (Fig. S2a). Then we examined the ability of wild
type LKB1(WT LKB1) and the T336Amutant to interact with 14-3-3
as determined by GST pull down assay. The results demonstrated
that GST–LKB1 T336A could not pull down any of the 14-3-3 iso-
forms in vitro (Fig. 2b) or in vivo (Fig. 2c). In addition, peptide com-
petition assay shows that it is the phosphorylated peptide
RWRSMpTVVPY rather than the unphosphorylated peptidec representation of the domain structure of LKB1 and the sequence alignment of a
e bold ‘S’ and ‘T’ represent putative phospho-Ser and phosphor-Thr. (b) An equal
with either GST–LKB1 WT or GST–LKB1 T336A puriﬁed from COS7 cells followed by
e detected by western blot using GST and His antibodies. (c) His-14-3-3 f was co-
es were isolated by GST afﬁnity chromatography and detected by western blot with
ed with His antibody. (d) GST–LKB1 WT puriﬁed from COS7 cells was preincubated
lated peptide (RWRSMTVVPY) as indicated and then incubated with the His-14-3-3
nd His antibodies. (e) His-14-3-3 fWT or His-14-3-3 f K49E was co-transfected with
graphy and detected by western blot with GST and His antibodies. 10% of the COS7
Fig. 3. 14-3-3 f inhibits the kinase function of LKB1 (a) COS7 cells were transfected with either GST–LKB1 WT or GST–LKB1 T336A. An equal quantity of each GST-tagged
fusion protein was subjected to an in vitro kinase assay in the presence of [c-32P] ATP and 5 lg of recombinant AMPKa1 (as substrate) for 45 min. The phosphorylation levels
of AMPKa1 and LKB1 are presented as the mean ± S.E.M. for three independent experiments relative to the phosphorylation levels from the GST–KB1 WT group (100%
phosphorylation) (b) COS7 cells were transfected with either GST–LKB1 WT or GST–LKB1 T336A. An equal quantity of each GST-tagged fusion protein was subjected to an
in vitro kinase assay in the presence of [c-32P] ATP and 5 lg of recombinant AMPKa1 for 45 min with the indicated amount of His-14-3-3 f. The quantity of GST–LKB1 WT
and GST–LKB1 T336A was normalized by western blot with GST antibody. The data indicating the level of phosphorylation of AMPKa1 and autophosphorylation of LKB1 (bar
graph) were from three independent experiments. (c) Hela cells were transfected with GST–LKB1 WT, GST–LKB1 T336A and His-14-3-3 f as indicated. Ectopically expressed
GST–LKB1WT, GST–LKB1 T336A and His-14-3-3 fwere detected by western blot using GST and His antibodies. Endogenous AMPKa1 and S6K were detected using antibodies
speciﬁc for AMPKa1 and S6K, respectively. The change of phosphorylation level of endogenous AMPKa1 and S6K was determined by western blot using AMPKa1 phospho-
Thr172 and S6K phospho-Thr389 antibodies. (d) Hela cells were transfected with GST–LKB1WT or GST–LKB1 T336A and His-14-3-3 f as indicated. Cell lysates were subjected
to GST pull down followed by western blotting using AMPKa1, His and GST antibodies to determine the effect of 14-3-3 f on the interaction between LKB1 and AMPKa1.
Ectopically expressed His-14-3-3 fwas detected by western blot using His antibody. Endogenous AMPKa1 was detected with AMPKa1 antibody. The blots are representative
of three independent experiments (n = 3; ⁄p < 0.01 compared with WT LKB1/His-14-3-3 f).
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Fig. 3 (continued)
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(Fig. 2d). All of these indicates that phosphorylation of LKB1 on
Thr 336 is essential for 14-3-3 binding. Residue K49 on 14-3-3 is
critical for interaction of 14-3-3 and its client proteins due to a salt
bridge formed between it and phosphor–Serine or phosphor–
Threonine of targets proteins [23]. The result of the GST pull down
assay shows that mutation of His-14-3-3 f K49 abolishes the inter-
action between 14-3-3 and LKB1 both in vitro (Fig. S2b) and in vivo
(Fig. 2e). These results indicate that the Lys49 is a key binding site
in 14-3-3 in the interaction between LKB1 and 14-3-3, and it may
form salt bridge with phospho-Thr336.Fig. 4. Overexpression of 14-3-3 f alleviates LKB1-mediated G1 cell cycle arrest. Hela
indicated and analyzed on a FACScan system. The fraction of cells in each cell cycle ph
Research Institute). The data are from three independent experiments (n = 3; ⁄p < 0.05
compared with LKB1 T336A/His-14-3-3 f).3.3. 14-3-3 f inhibits the catalytic activity of LKB1
To determine whether 14-3-3 binding modulates the activity of
LKB1, we utilized recombinant AMPKa1as an exogenous substrate
of LKB1 to conduct a series of in vitro activity assays. The results indi-
cate that althoughmutation of Thr336 to alanine decreases the level
of autophosphorylation of LKB1, it does not signiﬁcantly affect the
extent to which LKB1 phosphorylates AMPK (Fig. 3a). Increasing
amounts of His-14-3-3 fwere then added to the LKB1 in vitro kinase
assay. Addition of His-14-3-3 f caused a signiﬁcant dose-dependent
decrease in phosphorylation of AMPKa1 by WT LKB1. The extent of
inhibition reached amaximum (about 75% inhibition)when the dosecells were transfected with GST–LKB1 WT, GST–LKB1 T336A and His-14-3-3 f as
ase (G1, S and G2–M) and sub-G1 were determined by WinMDI software (Scripps
compared with Mock; Np < 0.05 compared with WT LKB1/His-14-3-3 f; #p < 0.05
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phosphorylation did not change signiﬁcantly, which suggests that
His-14-3-3 f inhibits LKB1 fromphosphorylating its substrateswith-
out suppression of LKB1 intrinsic catalytic activity.
We next examined whether the effect of 14-3-3 on LKB1 also
occurs in vivo, and found that 14-3-3 f decreased LKB1-mediated
AMPK phosphorylation on Thr172 resulting in increased phosphor-
ylation of S6K (Fig. 3c). These results suggest that the interaction of
LKB1 with 14-3-3 can suppress the kinase function of LKB1 in vivo.
Then using GST pull down assays, we demonstrated that ectopic
expression of His-14-3-3 f decreased the association between
GST–KB1 WT and endogenous AMPKa1 (Fig. 3d). Taken together,
we conclude that interfering with the interaction between LKB1
and its substrates may be the most important mechanism of 14-
3-3-mediated inhibition of LKB1 function.
3.4. Overexpression of 14-3-3 f attenuates LKB1-mediated G1 cell
cycle arrest
It has been previously reported that ectopically expressed WT
LKB1 suppresses the cell growth of LKB1-deﬁcient G361 melanomaFig. 5. 14-3-3 does not affect the subcellular localization of LKB1 (a) Hela cells were trans
f as indicated. Subcellular localization of the ectopically expressed proteins was visualiz
EGFP–KB1 T336A, Flag-STRADa and DsRed-14-3-3 f as indicated. Subcellular localizatiocells and Hela cells and induces a G1 cell cycle arrest in G361 cells
[5]. We therefore investigated whether 14-3-3 affects LKB1-
induced growth arrest. The results from these experiments indicate
that expression of WT LKB1 and LKB1 T336A both signiﬁcantly in-
duce G1 cell cycle arrest and apoptosis (Fig. 4). Importantly, we
found that G1 cell cycle arrest and apoptosis induced by WT
LKB1 were attenuated by overexpression of 14-3-3 f, while these
processes were not affected by overexpression of 14-3-3 in LKB1
T336A-expressing cells (Fig. 4).
3.5. The subcellular localization of LKB1 is not altered by 14-3-3
As stated above, the cytoplasmic localization of LKB1 is crucial
for its tumor suppressive function. Furthermore, the subcellular
localization of many proteins can be modulated by binding of
14-3-3. Thus, we determined the effect of 14-3-3 on the subcellular
localization of LKB1. As shown in Fig. 5a, 14-3-3 f is predominantly
localized in the cytoplasm, while WT LKB1 and LKB1 T336A are
both mainly localized in the nucleus, indicating that mutation of
Thr336 to Ala does not alter the localization of LKB1. Although pre-
dominantly locating in different areas of cells, EGFP–KB1 WT andfected with pEGFP–LKB1 WT, pEGFP–LKB1 T336A, Flag-STRADa and pDsRed-14-3-3
ed by ﬂuorescence microscopy. (b) Hela cells were transfected with EGFP–KB1 WT,
n of the ectopically expressed proteins was visualized by ﬂuorescence microscopy.
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LKB1 exerts its tumor suppression function, indicating that 14-3-
3 interacts with LKB1 chieﬂy in cytoplasm. In addition, the over-
expression of 14-3-3 f did not signiﬁcantly change the subcellular
localization of WT LKB1 or LKB1 T336A (Fig. 5b). To further verify
this result, we co-transfected GFP–LKB1 and DsRed-14-3-3 f with
Flag-STRAD a into Hela cells and found that the expression of
STRAD a could make both WT LKB1 and LKB1 T336A re-locate in
cytoplasm and increase the overlap between WT LKB1 and 14-3-
3 (Fig. 5a), but 14-3-3 still did not inﬂuence the localization of
WT LKB1 and LKB1 T336A (Fig. 5b). These results indicate that
14-3-3 does not alter the subcellular localization of LKB1.
3.6. Serum starvation increases autophosphorylation of LKB1 at
Thr336
We investigated whether autophosphorylation at Thr336 is
inducible. Insulin, H2O2, and serum starvation were chosen to
stimulate HEK-293 cells as well as COS7 cells. And we only foundFig. 6. Serum starvation increases the autophosphorylation of LKB1 at Thr336 (a) HEK-2
western blot using LKB1 and LKB1 phospho-Thr336 antibodies. (b) HEK-293 cells were tra
were serum deprived for 24 h. Cell lysate was subjected to GST pull down followed by we
interaction between LKB1 and 14-3-3 f. Ectopically expressed His-14-3-3 f in HEK-293
WT, GST–KB1 T336A and His-14-3-3 f. The cells were serum deprived for 0, 6, 12, 24, 36 h
an in vitro kinase assay with 5 lg of recombinant AMPKa1 for 45 min. The quantity of GS
The change of phosphorylation level of AMPKa1 was determined by western blot using A
detected using His antibody. The phosphorylation levels of AMPKa1 are presented as th
level observed from the control group (WT LKB1/Serum starvation 0 h). (d) HEK-293 cells
for 24 h as indicated. Cell lysates were analyzed by western blot using LKB1, LKB1 phosafter serum starvation for 6 h, phosphorylation of LKB1 at Thr336
in HEK-293 cells was detectable. Notably, the level of the phos-
phorylation increased signiﬁcantly over time (Fig. 6a), and this ef-
fect could increase the interaction between LKB1 and 14-3-3
(Fig. 6b). Then we used GST–LKB1 WT and GST–LKB1 T336A from
HEK-293 cells ectopically expressing His-14-3-3 f which were
serum deprived respectively for 0, 6, 12, 24, 36 h to perform a ki-
nase assay in vitro with puriﬁed AMPKa1. The result show that ser-
um starvation caused a signiﬁcant time-dependent increase in
phosphorylation of AMPKa1 by both GST–LKB1 WT and GST–
LKB1 T336A and amount of His-14-3-3 f pulled down with GST–
LKB1 WT. However the upward trend of phosphorylation of AMP-
Ka1 by GST–LKB1 T336A was more obvious than that by GST–LKB1
WT (Fig. 6c). Additionally, the further experiments show that ser-
um starvation also increases phosphorylation on Thr172 of endog-
enous AMPKa1, but this increase can be attenuated by ectopic
expression of 14-3-3 f WT rather than 14-3-3 f K49E (Fig. 6d).
All these results indicate that serum starvation dramatically in-
creases the intrinsic catalytic activity of LKB1 accompanied by in-93 cells were serum deprived for the indicated times. Cell lysates were analyzed by
nsfected with GST–KB1WT, GST–KB1 T336A and His-14-3-3 f as indicated. The cells
stern blotting with His, LKB1 phospho-Thr336 and GST antibodies to determine the
was detected using His antibody. (c) HEK-293 cells were transfected with GST–KB1
respectively. The GST–KB1 WT and GST–KB1 T336A were isolated and subjected to
T–KB1 WT and GST–KB1 T336A was normalized by western blot with GST antibody.
MPKa1 phospho-Thr172 antibody, and His-14-3-3 f pulled down with GST–KB1 was
e mean ± S.E.M. for three independent experiments relative to the phosphorylation
were transfected with His-14-3-3 fWT and His-14-3-3 f K49E and serum deprived
pho-Thr336, AMPKa1, AMPKa1 phospho-Thr172 and His antibodies.
Fig. 7. A working model depicting negative regulation of LKB1 function by 14-3-3.
Serum starvation dramatically promotes the intrinsic catalytic activity of LKB1 and
increases the phosphorylation of LKB1 at Thr336 remarkably. Increased autophos-
phorylation of LKB1 at Thr336 acts as a signal for the recruitment of 14-3-3 to LKB1.
Thereby, 14-3-3 interferes with the interaction between LKB1 and its substrates
such as AMPK to attenuates the upward trend of activity of LKB1. This mechanism
means that the regulation of LKB1 by 14-3-3 involves negative feedback control.
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ened the activation of LKB1.
4. Discussion
In this study, we demonstrate that 14-3-3, recognizing and
binding to phosphorylated Thr336 of LKB1, results in the inhibition
of LKB1 kinase function. Interestingly, the ectopic GST–LKB1 we
used in this study was expressed in COS7 cells, but not HEK-293
cells. In a report by Al-Hakim et al., the authors examined the
interaction of GFP-TAP-tagged LKB1 isolated from HEK-293 cells
and 14-3-3 using co-immunoprecipitation, but did not observe
an interaction between these proteins [27]. Consistently, results
from our experiments indicate that 14-3-3 was not pulled down
with GST–LKB1 that was puriﬁed from HEK-293 cells (Fig. 6c).
One explanation for this observation may be that LKB1 expressed
in HEK-293 cells is not detectably phosphorylated at Thr336, as
previously reported [21]. Therefore, we examined the phosphory-
lation of Thr336 of LKB1 in COS7 cells and found that LKB1 is
highly phosphorylated at Thr336 (Fig. S2a). Also we found that
GST–LKB1 puriﬁed from COS7 cells strongly phosphorylates AMPK
(Fig. 3a). In contrast, LKB1 expressed in HEK-293 cells cannot phos-
phorylate AMPK effectively without addition of the accessory sub-
unit STRAD [21]. All of these suggest that the activity of LKB1 in
COS7 is highly stronger than that in HEK-293, which may be the
main reason of the difference between phosphorylation of LKB1
at Thr336 in COS7 and HEK-293. Then we respectively detected
the STRAD pulled down with GST–LKB1 from HEK-293 and COS7
and found that the quality of STRAD associated with GST–LKB1
puriﬁed from COS7 is obviously higher than that from HEK-293
(Fig. S1a). This differences indicate that the stronger catalytic activ-
ity of LKB1 isolated from COS7 cells may be caused by the high
quality of STRAD binding to LKB1, because of which we used the
GST–LKB1 puriﬁed from COS7 cells alone to conduct in vitro kinase
assays without addition puriﬁed STRAD. In addition, the mutation
of Thr336 to Ala does not change the association of LKB1 with
STRAD (Fig. S1b).
Our ﬁndings indicate that, among seven 14-3-3 isoforms (b, e,g,
c, s, f, and r) identiﬁed in mammals, 14-3-3 g, c, s and f have dis-
tinct afﬁnity to LKB1 (Fig. 1b). In addition, it is well-established that
14-3-3 f can promote tumorigenesis [28–30]. Therefore, we focused
our studies on this isoform to investigate the effect of 14-3-3 on
LKB1 function. From our results, we found that 14-3-3 f inhibits
LKB1 from phosphorylating AMPK in vitro and in vivo without
affecting the level of LKB1autophosphorylation (Fig. 3a and c).
Moreover, we found that 14-3-3 f can interfere the association of
LKB1 with AMPK (Fig. 3d). These results indicate that 14-3-3 bind-
ing does not affect the intrinsic catalytic activity of LKB1, but rather
interfering with the interaction between LKB1 and its substrates.
There are two possible mechanisms by which this could occur, 1)
14-3-3 could induce a conformational change in LKB1 to decrease
the Km of LKB1 or 2) block certain structural features of LKB1 to
abrogate the association of LKB1 with its substrates. As the struc-
tural information for the LKB1–14-3-3 complex is not yet known,
we cannot conﬁrm the precise mechanism. However, we have
determined that the negative regulation of LKB1 kinase function
by 14-3-3 is the result of the effect of 14-3-3 on the interaction be-
tween LKB1 and its substrates. Importantly, this regulation does not
involve marked translocation of LKB1 between the nucleus and
cytoplasm (Fig. 5).
At the cellular level, 14-3-3 f attenuates LKB1-induced G1 cell
cycle arrest and apoptosis in Hela cells (Fig. 4). Previous studies
have shown that LKB1 can stimulate the activity of its substrates
(p53 and AMPK) and regulate cell cycle-related proteins, such as
p21, to induce cell cycle arrest [4,6]. In addition, the interaction ofLKB1 with p53 is critical for LKB1-induced apoptosis [3]. Based on
these ﬁndings, it is not difﬁcult to imagine that the inhibition of
LKB1-induced G1 cell cycle arrest and apoptosis by 14-3-3 is consis-
tent with the inhibition of LKB1 kinase function at themolecular le-
vel. We therefore believe that the failure of a LKB1 mutant, which
has a glutamic acid at the Thr336 residue, to suppress the growth
of G361 cells, as mentioned above [21], could possibly be due to en-
hanced interaction between LKB1 and endogenous 14-3-3. Further
studies are required to substantiate this hypothesis.
Our data also demonstrate that serum starvation dramatically
increases the activity of LKB1 and in turn to increase phosphoryla-
tion of LKB1 at Thr336. Meantime, the increased autophosphoryla-
tion of LKB1 at Thr336 acts as a signal for the recruitment of 14-3-3
to LKB1, which attenuates the upward trend of activity of LKB1
(Fig. 6). Such a mechanism indicates that the regulation of LKB1
by 14-3-3 involves negative feedback control (Fig. 7). A recent
study showed that under the condition of serum deprivation p27
shows a dual-function. When being highly activated by LKB1–
AMPK, p27 induces G1 arrest to inhibit tumor growth, whereas it
induces autophagy to permit tumor cell to survive from the serum
starvation in its mode of moderate activation by LKB1–AMPK
[12].Thus we speculate that this new control of 14-3-3 may keep
LKB1 activated to a certain extent and sequentially moderately
activate p27 to induce autophagy to rescue cells from growth fac-
tor withdrawal and nutrient deprivation.
In summary, our study demonstrates that 14-3-3 is a new LKB1
regulatory protein. The interaction of 14-3-3 with LKB1 prevents
LKB1 binding to its substrates and suppresses the kinase function
of LKB1. Although there are many factors that remain to be exam-
ined, this new mechanism of negative control of LKB1 may open a
new door for research on the regulation of LKB1 function.
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